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Abstract—An integrated corner-reflector antenna has been
designed, fabricated and measured at millimeter-wave frequen-
cies. The structure consists of a traveling-wave antenna inte-
grated on a 1.2-um dielectric membrane and suspended in a
longitudinal cavity etched in a silicon wafer. A new traveling
wave antenna design, the modified-bend antenna, with an an-
tenna length of L = 1.2\ and spacing d = 0.96\ from the
apex, results in a wide-band input impedance centered at 140 0
and low cross-polarization levels. Measurements at 180-270
GHz show a well defined pattern with low sidelobe levels and a
main-beam efficiency of 93 and 83% at 180 and 222 GHz,
respectively. The monolithic approach allows the integration of
a matching network and a Schottky-diode or SIS detector at the
base of the antenna to yield a low-noise monolithic millimeter-
wave receiver.

1. INTRODUCTION

HE standard corner-cube antenna, which consists of a

traveling-wave antenna backed by a 90° corner reflector
[1]1-[7], has traditionally been the workhorse of submillime-
ter-wave receivers. The corner-cube is an open structure
mixer mount, and can be made to operate at much higher
frequencies than the waveguide mixer. The standard design is
a 4\-long traveling-wave antenna placed 1.2\ from the apex
of the reflector. The antenna also acts as a whisker contact to
a Schottky-diode mounted at its base. It is a high gain
antenna and couples well to f/1.5-1.8 imaging systems [7].
Although the corner-cube has been considered as the ““best”’
available antenna at these frequencies, it has a number of
serious problems. First, the corner-cube antenna cannot be
readily modified to include an RF matching network. The
antenna impedance is around 160 Q, and therefore couples
poorly to the Schottky-diode which requires an optimum
RF-impedance of about 60 + j70 Q [8]. The antenna has
high sidelobes and a relatively high cross-polarization com-
ponent, and typically about 50-60% of the radiated power is
coupled into a fundamental Gaussian beam [1], [6], [7].
Although no accurate coupling-efficiency measurements have
been performed on the corner-cube receiver, it is currently
believed that a value less than 25% (this includes main-beam
efficiency and impedance matching to the diode) is achieved
at submillimeter-wave frequencies. The poor coupling effi-
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ciency contributes directly to the high-noise temperature
(17 000-25 000°K-SSB-cooled) of corner-cube receivers
available at 2000-2500 GHz [9], [10].

To solve the problems associated with the machined cor-
ner-cube antenna, an integrated version has been developed
at the University of Michigan [11], [12]. The structure
consists of a traveling-wave antenna suspended on a 1.2-um
dielectric membrane in a longitudinal pyramidal cavity (Fig.
1). The membrane electrical thickness is 0.02 \ at 3 THz, and
the traveling-wave antenna effectively radiates in free space
at all frequencies of interest. The cavity is etched in silicon
wafers [13], and the flare angle is fixed by the orientation of
the crystal planes at 70.6°. It is possible to achieve this
angle, and many other interesting angles such as 60° and
90°, using anisotropic etching of GaAs [14]. This is impor-
tant because one could integrate these antennas with planar
GaAs Schottky-diode detectors. The monolithic approach
allows the integration of a complete receiver with the RF and
IF matching networks and is expected to cost much less than
the standard machined version, particularly in arrays with a
large number of elements.

II. DESIGN OF THE INTEGRATED CORNER-CUBE
ANTENNA

The theoretical pattern of a corner-reflector element is
calculated by first assuming the reflecting ground planes to be
infinite in extent. The total pattern is the product of the
element pattern and an array pattern. The element pattern is
the pattern of a long-wire antenna. The antenna is assumed to
have a constant traveling-wave current from the feed out to
the tip of the antenna and zero current after the sharp
discontinuity in the wire [15]. For the array pattern, the
corner reflector cannot be modeled by the method of images
since the subtended angle is not given by 180°/n, where n is
an integer. However, for the initial design, a 60° subtended
angle is close enough to 70.6°, and the array pattern is
calculated. for a 60° corner reflector. Extensive microwave
modeling was also performed on a corner-reflector with a
70.6° subtended angle. The radiation patterns of traveling-
wave antennas with lengths between 1.0-1.5\ placed
0.85-1.05\ from the apex resulted in a well defined main-
lobe and low sidelobe levels. A design with an (L, d) =
(1.27,0.96\) resulted in nearly equal E- and quasi-H 10-
dB-beamwidth of 44° and a sidelobe level of —16 dB. The
measured E-plane and quasi-F{ plane patterns agree fairly
well with the patterns predicted using a 60° corner-reflector
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Fig. 1. A monolithic corner-reflector imaging array. (a) Perspective view. (b) Side view. (c) Coordinate system used.

(Fig. 2). The measured H-plane pattern is wider than the
calculated one due to the larger corner-reflector angle, and the
E-plane pattern is shifted by 5°. It is therefore clear that the
theoretical model gives a good initial design, and one that can
be used for first-order calculations.

The traveling-wave antenna with a simple bend shows a
large cross-polarization component in the E-plane of —9.5
dB in microwave model measurements. Since the RF currents
do not attenuate quickly after the sharp discontinuity, the RF
currents in the bend contribute significantly to the cross-

.

polarization component. One way to solve this problem is to
reduce the width of the bend portion of the antenna. The
current in the narrow bend does not contribute significantly to
the cross-polarization component in the E-plane. This an-
tenna is called the modified-bend antenna (Fig. 3). The
modified-bend shows essentially the same E- and quasi-F
plane patterns, but with a measured peak cross-polarization
component in the E-plane of — 16 dB. The cross-polarization
component in the quasi-H plane is always present due to the
off-broadside radiation of the corner reflector antenna and the
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Fig. 3. Standard traveling-wave and modified-band antennas. The design is
for a center frequency of 230 GHz.

measured peak values for the regular and modified-bend
antennas are — 13 and — 15 dB, respectively.

The modified-bend antenna with an (L, d) = (1.2),0.96N)
was chosen for millimeter-wave integration. The measured
input impedance at microwave frequencies is broad band with
a radiation resistance centered at 140 Q a reactance lower
than 60 @ (Fig. 4). The input impedance increased by 20 Q
for a narrower antenna (40 um at 230 GHz). The impedance
of the modified bend antenna is essentially identical to that of
the standard traveling-wave antenna, and this shows that the
narrow bend portion does not disturb significantly the travel-
ing-wave current distribution.

Finally, a bandwidth study was done on the radiation
patterns of the modified-bend antenna (Fig. 5). The antenna
length and spacing (L, d) of (1.2, 0.96M) at 2.6 GHz
(scale-model for the 230-GHz antenna) charges considerably
for a 2.0 GHz to 3.0 GHz frequency span. A shift in the
E-plane pattern peak of 20° occurred between 2.0 GHz and
3.0 GHz, and this is expected from a traveling-wave antenna.

_
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Fig. 4. The measured input impedance of the modified traveling-wave
antenna. Measurements were done from 2-3 GHz, and the corresponding
millimeter-wave frequencies shown.

It is clear that this design, in conjunction with the measured
input impedance, results in a large bandwidth antenna. How-
ever, the axis of the corner-reflector should be aligned with
the optical system to compensate for the shift in the E-plane
pattern.

III. FABRICATION

The corner-reflector antenna is a stacked silicon wafer
structure. The thickness of the front wafer determines the
position of the traveling-wave antenna inside the pyramidal
cavity. It also determines the extension of the ground planes
from the radiating element. The back wafer completes the
pyramidal structure and acts as a reflecting cavity.

The pyramidal cavity is made by anisotropic etching of
silicon wafers with a (100) crystallographic orientation [13].
This etching process naturally forms pyramidal holes bounded
by the (111) crystal planes. The membrane layer is fabricated
by depositing a three-layer SiO, /Si,N, structure which is in
tension, and etching the underlying silicon until the transpar-
ent membrane appears. After etching, cavity walls are coated
with gold using an angle evaporation technique, and the
antennas, detectors and low-frequency lines are deposited on
the back-side of the front wafer using standard lithography.
Finally, the wafer stack is assembled by aligning the wafers
and gluing them together. The alignment fixture is accurate to
within £5 pm and the glue gap is very small (estimated at
2-3 pm). A 119-pm integrated corner-cube antenna has been
fabricated using this method. The patterns show equal E- and
quasi-H plane patterns and agree well with 222-GHz patters
[16].

The modified-bend antenna is 2000 & thick and is one
skin-depth thick at 230 GHz. The antenna is 1.56-mm long
(1.2 at 230 GHz), and is 60-pm wide with a 20-um bend
portion. The antenna is suspended on a 1.2-pm-thick mem-
brane in a pyramidal cavity with an opening 3.3-mm-wide
(2.55N at 230 GHz) and 1-cm-long (7.7\ at 230 GHz). A
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Fig. 5. E-plane and quasi-H plane pattern measurements at (a) 2.0 GHz, (b) 2.5 GHz; and.(c) 2.8 GHz. Measurements (not
shown) done at 2.2, 2.6, and 3.0 GHz show a similar trend and well behaved patterns.

4-pm-square microbolometer [17] was integrated at the bot- IV. MILLIMETER-WAVE MEASUREMENTS

tom tip of the traveling-wave antenna. This is the same The patterns were measured at 180, 222, 240, and 270
position that one would integrate a matching network and a GHz using millimeter-wave doublers and triplers fed by
Schottky-diode or SIS detector in a receiver application. The  appropriate Gunn sources. The sources were aM modulated
bolometer impedance was 80 @ with a responsivity of 6 at 300 Hz, and the output from the bolometers was feed to a
V/W at 0.1-V bias. PAR-124A lock-in amplifier. Pattern measurements done on
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Fig. 6. Measured two-dimensional patterns on a 230 GHz design with an (L, d) = (1.2, 0.96)\). Pattern measurements were
done at (a) 180 GHz; (b) 222 GHz; and (c) 270 GHz. (See Table I).
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Fig. 7. Measured quasi-H plane patterns at 222 GHz for three identical antennas with ground-plane extensions (GPE) of
0.94)-(1), 1.6X(2), and 2.3N(3) from the antenna, yielding a array period (AP) of 2.5\, 3.2, and 4.0\, respectively.

TABLE 1
Frequency 180 GHz 222 GHz 270 GHz

(L, d) (0.947,0.75N (1.15N,0.92N (141N, 1.13N
Array Period 2.0M 2.5N 328 3.0M
Co-pol Directivity 17.3dB 19.1dB19.5 + 0.2dB  20.6dB
Main-beam location 50° 40° 34°
10-dB beamwidth:

E-plane 47° 40° 40° 26°

Quasi-H plane 55° 48° 41° 37°
Co-pol
Main beam efficiency 92% 83% 83 £ 2% 62%

The measured and calculated values for the integrated corner-cube an-
tenna. Measurements at 222 GHz were done with two different ground-plane
extensions yielding array periods of 2.6\ and 3.2\,

elements in a linear array and on single elements surrounded
by a ground-plane showed identical results. This can be
explained by the array period being larger than 2.5\ and by
the vanishing electric-field along the array in a quasi-H plane
scan. All patterns shown below are on elements in a linear
array environment.

The patterns are competitive with the standard corner-cube
antenna with a narrow main-beam and no off-axis sidelobes
(Fig. 6). Table I summarizes the salient features of the
integrated corner-reflector antenna. The H-plane pattern is
wider than expected due to the short extension of the
ground-planes from the antenna. The cross-polarization level
was lower than —17 dB in the E-plane and quasi-H plane at
222 GHz. The co-polarized main-beam efficiency is calcu-
lated from the measured two-dimensional patterns for a re-
flector illumination of —20 dB. It is defined as the power
available in the main-beam divided by the co-polarized power
radiated by the antenna. The results show a main-beam

_ -

efficiency of 92 and 83% for 180 and 222 GHz, respectively.
The cross-polarization loss is not expected to be a problem
due to the —17 dB measured components in the E- and
quasi-H planes. The experimental main-beam efficiencies
agree well with the theoretical predictions of Kelly et al. 4],
Zmuidzinas et al. [5], and Grossman [7].

In order to investigate the effect of the ground-plane size
on the H-plane pattern, we have fabricated three identical
222-GHz antennas with increasingly larger ground planes.
The extension of the ground-planes from the traveling-wave
antennas was 0.94\, 1.6\, and 2.3, yielding an array period
of 2.5\, 3.2\, and 4.0\, respectively. The E-plane pattern is
not affected by the ground-plane size, but the quasi-H plane
pattern narrows considerably between the first two cases and
levels off at 41° for an aperture opening greater than 3.2\
(Fig. 7). The resulting pattern for a array period of 3.2\ and
(L, d) = (1.15\,0.92)) at 222 GHz shows a circularly sym-
metrical mainlobe with E-, quasi-H, and 45°-plane 10-dB-
beamwidths of ~40° and a directivity of 19-20 dB (Fig. 8).
The optimized design is expected to couple well to f/1.5-
f/1.8 imaging systems with an optical coupling efficiency of
75-80% [4], [7].

V. CoNcLUSION

An integrated corner-reflector antenna has been developed
for millimeter-wave and terahertz frequencies. A new travel-
ing-wave antenna design, the modified-bend antenna, yields a
relatively wide-band input impedance, high-gain patterns be-
tween 180-270 GHz, and a — 17 dB peak cross-polarization
component in the E-plane and quasi-H plane patterns. The
monolithic approach allows the integration of a matching
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Fig. 8. The measured 222-GHz pattern for (L, d) = (1.15A,0.92)\) and
an array period of 3.2\, The pattern is circularly symmetric with a 10-dB
beamwidth of ~40°.

network and a Schottky-diode or SIS detector at the base of
the antenna to yield a low-noise monolithic millimeter-wave
receiver, and a 600-GHz integrated corner-cube antenna with
a Schottky-diode mixer is currently under development at the
University of Michigan.
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